Introduction {#s1}
============

Fluid responsiveness, the ability of cardiac output to increase in response to a fluid infusion, is commonly used to evaluate intravascular fluid status in critically ill patients. For this purpose, dynamic parameters using mechanical ventilation-induced changes in preload, resulting in variation of stroke volume or pulse pressure (stroke volume variation (SVV) and pulse pressure variation, respectively) are far better predictors of fluid responsiveness than static parameters such as central venous pressure or pulmonary artery occlusion pressure \[[@R01], [@R02]\]. However, the predictive values of these parameters in patients with spontaneous breathing, arrhythmias, low tidal volume ventilation and low lung compliance are suboptimal \[[@R03]\]. Collapsibility of the inferior vena cava (IVC) is a dynamic parameter with a relatively high ability to predict fluid responsiveness in patients receiving controlled mechanical ventilation \[[@R04], [@R05]\], but may not be a good predictor of fluid responsiveness in patients who are spontaneously breathing \[[@R06]\]. While many patients receive pressure support ventilation in the intensive care unit, the predictive ability of respiratory changes in the IVC to assess fluid responsiveness in these patients remains unknown.

Measurement of the IVC by echocardiography is simple, but adequate ultrasound images of the IVC are difficult to obtain in a substantial number of patients. Measurements of internal jugular veins (IJVs) and subclavian veins (SCVs) are easier to obtain \[[@R07]\], and the collapsibility of IJVs and SCVs may be useful as alternatives to the IVC. The ability of respiratory changes in the IJVs and SCVs to predict fluid responsiveness in patients on pressure support ventilation has not yet been evaluated.

We hypothesize that the collapsibility of IJVs and SCVs has a better area under the receiver operating characteristic (ROC) curve than collapsibility of the IVC with a reference to positive passive leg raising maneuver. The aim of this study was to compare the collapsibility of IJVs and SCVs with collapsibility of the IVC to predict fluid responsiveness in patients receiving pressure support ventilation.

Materials and Methods {#s2}
=====================

Study design {#s2a}
------------

This single-center, prospective observational study was performed in the surgical and medical intensive care unit of a tertiary hospital (Shonan Kamakura General Hospital, Kanagawa, Japan). Institutional Review Board approval was obtained (Shokama 20140327-1). This study was conducted in accordance with the Declaration of Helsinki. The study was registered in the University hospital Medical Information Network (UMIN000021449).

Patients {#s2b}
--------

Study patients were: 1) intubated, mechanically ventilated receiving pressure support ventilation; 2) in acute circulatory failure and 3) who underwent placement of radial artery catheters, monitored by pulse contour analysis, Flotrac™ connected to arterial line and Vigileo™ monitors (version 3.06. Edwards, Irvine, CA, USA). Acute circulatory failure was defined as: 1) a systolic blood pressure less than 90 mm Hg (or mean arterial pressure less than 65 mm Hg) or the need for vasopressors; 2) urine output below 0.5 mL/kg/h for at least 2 h; 3) tachycardia (heart rate \> 100 bpm); or 4) the presence of skin mottling \[[@R08]\]. Patients with intracranial hypertension, abdominal compartment syndrome, pulmonary embolism, pulmonary hypertension, severe acute respiratory distress syndrome, positive end expiratory pressure (PEEP) higher than 10 cm H2O, severe left ventricular dysfunction (ejection fraction less than 30%), irregular heart rhythm, or occlusion of IJVs or SCVs or the IVC were excluded.

Measurements {#s2c}
------------

For each patient, the following data were recorded: age (years), height (cm), weight (kg), diagnosis of acute circulatory failure, ventilator parameters (FIO~2~, tidal volume (mL), amount of pressure support (cm H~2~O), respiratory rate, PEEP (cm H~2~O), minute ventilation (L/min)), hemodynamic parameters (heart rate (bpm), systolic/mean/diastolic arterial pressure (mm Hg), cardiac output (L/min), cardiac index (L/min/body surface area), stroke volume (mL) and SVV (%)). Echocardiography was performed (SSA-350A Corevision™, Toshiba, Japan) and the central veins were examined as follows: a linear probe was used to examine the IJVs and SCVs, and a sector probe was used to examine the IVC; antero-posterior diameter and cross-sectional area (CSA) of bilateral IJVs during a respiratory cycle were measured 2 cm above the level of the clavicle ([Fig. 1](#F1){ref-type="fig"}). During the examination, the patient's chin was kept in the midline without neck extension. If a central venous catheter was in place in the examination area, we examined the area just upstream or downstream of insertion point as appropriate. While avoiding changes in venous diameter caused by probe compression, gentle pressure by the probe was applied to allow full collapse and expansion of the IJVs \[[@R07]\]. The SCVs were measured bilaterally at the point closest to where the SCV crosses the clavicle in a short axis view ([Fig. 2](#F2){ref-type="fig"}). The IVC was measured using a subxiphoid view using the long axis view at 2 - 3 cm distal to the junction with the right atrium.

![Assessment of antero-posterior diameter of the right internal jugular vein by ultrasonography. The diameter was measured 2 cm above the level of the clavicle.](jocmr-12-150-g001){#F1}

![The ultrasound short axis view at the closest point where the subclavian vein (SCV) crosses the clavicle.](jocmr-12-150-g002){#F2}

The maximum antero-posterior diameter and CSA in the expiratory period and minimum antero-posterior diameter and CSA in the inspiratory period were measured by loop recording and freezing the images on the monitor. Collapsibility of the diameter and collapsibility of the CSA were calculated as follows: Collapsibility of diameter (%) = ((maximum diameter - minimum diameter)/maximum diameter)) × 100. Collapsibility of CSA (%) = ((maximum CSA - minimum CSA)/maximum CSA) × 100.

All measurements were performed in the supine position. To obtain stabilized baseline values, hemodynamic and respiratory parameters were repeatedly evaluated while ultrasound examination of the veins was performed. Then, a passive leg raising maneuver (lower limbs were lifted to 40° by adjusting the bed from the supine position) was performed. The reason we selected passive leg raising starting from the supine position was to minimize physical stimulation as a potential confounder. During passive leg raising, hemodynamic parameters were evaluated again; the maximum value within the first minute during passive leg raising was specified as the post-passive leg raising value. A maximum of two measurements were included for analysis if a patient needed further fluid resuscitation. As a surrogate for fluid responsiveness, a positive passive leg raising maneuver was defined as an increase in stroke volume ≥ 8% when the post-passive leg raising value was compared with the pre-passive leg raising value \[[@R08]\]. If the stroke volume increased ≥ 8% after passive leg raising, the patient was deemed a responder.

Statistical analysis {#s2d}
--------------------

Patient characteristics, respiratory, hemodynamic parameters and collapsibility of veins of responders and non-responders before passive leg raising were compared using the Mann-Whitney U test. ROC curves of collapsibility of central veins were generated for predicting positive passive leg raising maneuver. Statistical analysis was performed with EZR version 1.30 \[[@R9]\].

Results {#s3}
=======

From March through October in 2014, 34 measurements in 27 patients were included in this study. [Table 1](#T1){ref-type="table"} shows patient characteristics, the hemodynamic and respiratory parameters and diameters and CSA and collapsibility of each vein before passive leg raising in both responders and non-responders. Eighteen measurements fulfilled the criteria for a positive passive leg raising maneuver (responder), and 16 measurements were consistent with negative passive leg raising (non-responder). Patient characteristics were similar except age comparing responders and non-responders. Respiratory data including tidal volume, the amount of pressure support, PEEP, or minute ventilation did not differ between the two groups, but in the responders, lower systolic and pulse pressure, higher heart rate and higher SVV were observed. Collapsibility of both the right IJV diameter and collapsibility of the CSA were greater in responders, but the collapsibility of other veins did not differ significantly comparing the two groups.

###### Main Characteristics of the Responders and Non-Responders

                                                    Responders (n = 18)   Non-responders (n = 16)   P value
  ------------------------------------------------- --------------------- ------------------------- ----------
  Patients characteristics                                                                          
    Age (years)                                     70 (66 - 77)          76 (71 - 84)              0.047
    Gender (male/female)                            12/6                  9/7                       0.552
    Height (cm)                                     165 (154 - 168)       156 (152 - 169)           0.332
    Weight (kg)                                     60 (56 - 69)          54 (48 - 61)              0.097
  Diagnosis of acute circulatory failure                                                            
    Septic shock                                    12                    11                        0.915
    Hemorrhagic shock                               3                     0                         0.099
    Acute mesenteric ischemia                       1                     1                         0.966
    Post-resuscitation syndrome                     1                     1                         0.966
    Others                                          1                     3                         0.253
  Vasopressor use                                                                                   
    Norepinephrine                                  10                    8                         0.765
    Norepinephrine and/or other vasoactive agents   7                     5                         0.662
    None                                            1                     3                         0.253
  Respiratory parameters                                                                            
    Tidal volume/PBW (mL)                           9.5 (8.0 - 10.9)      9.5 (7.9 - 11.8)          0.863
    Respiratory rate                                17 (13 - 25)          18 (12 - 22)              0.616
    Pressure support (cm H~2~O)                     7 (8.5 - 11.5)        8 (5 - 10)                0.084
    PEEP (cm H~2~O)                                 7 (5 - 8)             5 (5 - 8.5)               0.658
    Minute ventilation (L/min)                      8.6 (7.0 - 13.2)      7.7 (6.9 - 9.6)           0.36
  Hemodynamic parameters                                                                            
    Systolic arterial pressure (mm Hg)              98 (84 - 108)         120 (107 - 125)           0.01
    Mean arterial pressure (mm Hg)                  63 (58 - 74)          73 (62 - 79)              0.164
    Diastolic arterial pressure (mm Hg)             47 (44 - 54)          51 (44 - 53)              0.876
    Pulse pressure (mm Hg)                          44 (40 - 59)          67 (60 - 76)              0.002
    Heart rate (bpm)                                97 (90 - 110)         88 (76 - 96)              0.03
    Cardiac output (L/min)                          4.1 (3.8 - 6.0)       4.0 (3.6 - 5.8)           0.653
    Cardiac index (L/min/BSA)                       2.7 (2.5 - 3.5)       2.7 (2.5 - 3.3)           0.903
    SV (mL)                                         45 (39 - 55)          51 (43 - 58)              0.369
    SVV (%)                                         16 (12 - 21)          7 (5 - 12)                0.003
  Collapsibility (%)                                                                                
    RIJV diameter                                   16.1 (12.2 - 23.9)    5.7 (1.4 - 9.0)           \< 0.001
    RIJV CSA                                        26.6 (20.7 - 38.2)    9.1 (4.3 - 15.3)          0.002
    LIJV diameter                                   13.4 (5.2 - 26.7)     8.9 (4.4 - 25.2)          0.523
    LIJV CSA                                        17.7 (8.2 - 28.3)     16.5 (4.4 - 29.6)         0.569
    RSCV diameter                                   7.3 (3.0 - 14.8)      4.4 (2.9 - 8.2)           0.3
    RSCV CSA                                        15.2 (8.6 - 31.0)     11.5 (8.8 - 15.3)         0.301
    LSCV diameter                                   13.0 (6.9 - 19.3)     10.2 (3.6 - 17.2)         0.617
    LSCV CSA                                        18.6 (10.0 - 28.1)    13.9 (5.8 - 26.4)         0.309
    IVC diameter                                    28.9 (16.3 - 39.5)    25.1 (9.62 - 37.1)        0.484

The results are expressed as the median (25-75%). PBW: predicted body weight; PEEP: positive end expiratory pressure; BSA: body surface area; SV: stroke volume; SVV: stroke volume variation; CSA: cross-sectional area; RIJV: right internal jugular vein; LIJV: left internal jugular vein; RSCV: right subclavian vein; LSCV: left subclavian vein; IVC: inferior vena cava.

[Table 2](#T2){ref-type="table"} shows the area under the ROC curves of diameters and CSAs of the central veins, and SVV before the passive leg raising measurement. The area under the ROC for collapsibility of right IJV diameter and CSA were 0.88 (95% CI: 0.75 - 0.99) and 0.82 (95% confidence interval (CI): 0.67 - 0.97), respectively; whereas the area under the ROC for collapsibility of the IVC diameter was 0.57 (95% CI: 0.37 - 0.77). The area under the ROC for SVV was 0.80 (95% CI: 0.64 - 0.96). [Figure 3](#F3){ref-type="fig"} shows a comparison of the ROC curve of collapsibility of the right IJV diameter and the IVC diameter. The best cut-off value of collapsibility of the right IJV to predict fluid responsiveness is 11.4% with a sensitivity of 83% and a specificity of 94%.

###### The Area Under the Receiver Operating Characteristic Curves (95% CI)

  ----------------------- --------------------
  Collapsibility          
    RIJV diameter         0.88 (0.75 - 0.99)
    RIJV CSA              0.82 (0.67 - 0.97)
    LIJV diameter         0.57 (0.37 - 0.77)
    LIJV CSA              0.56 (0.35 - 0.77)
    RSCV diameter         0.61 (0.41 - 0.80)
    RSCV CSA              0.61 (0.41 - 0.80)
    LSCV diameter         0.55 (0.35 - 0.76)
    LSCV CSA              0.60 (0.40 - 0.81)
    IVC diameter          0.57 (0.37 - 0.77)
  Hemodynamic parameter   
    SVV                   0.80 (0.64 - 0.96)
  ----------------------- --------------------

CI: confidence interval; CSA: cross-sectional area; RIJV: right internal jugular vein; LIJV: left internal jugular vein; RSCV: right subclavian vein; LSCV: left subclavian vein; IVC: inferior vena cava; SVV: stroke volume variation.

![Receiver operating characteristic (ROC) curves of baseline collapsibility of the right internal jugular vein (RIJV) and inferior vena cava (IVC) diameters.](jocmr-12-150-g003){#F3}

Discussion {#s4}
==========

The main finding of this study is that the collapsibility of the antero-posterior diameter of the right IJV is a useful predictor of fluid responsiveness in hemodynamically unstable patients receiving pressure support ventilation. This is the first study to compare the predictive accuracy of fluid responsiveness among three different central veins. These results have strength in that both IJVs and both SCVs were evaluated. Previous studies examining IJVs and SCVs did not specify which side was examined \[[@R10]-[@R12]\].

As previous studies have shown \[[@R01], [@R02]\], dynamic parameters including SVV and pulse pressure variation are reliable predictors of fluid responsiveness only in patients with well-adapted controlled mechanical ventilation, relatively high tidal volume (\> 8 mL/kg), normal lung compliance and normal left ventricular function \[[@R13]\]. The passive leg raising maneuver is a more reliable method to predict fluid responsiveness in a variety of patients \[[@R14]\], but for interpretation of the passive leg raising maneuver, cardiac output monitoring with a pulmonary artery catheter, arterial pulse contour analysis device, continuous transthoracic or transesophageal echocardiography is needed. However, some devices are invasive, while measuring accurate cardiac output by echocardiography is associated with technical difficulties. Passive leg raising is contraindicated in some patients, due to the presence of vascular access catheters in the groin, status post-operations involving the pelvis or lower extremities, and intracranial hypertension.

As a noninvasive dynamic parameter, respiratory changes in the IVC have been well studied with reference to central venous pressure \[[@R15]\], but there are a few studies examining the relationship between respiratory changes and fluid responsiveness. Several studies showed a good ability of collapsibility of the IVC to predict fluid responsiveness in patients without spontaneous breathing efforts \[[@R04], [@R05]\]; however, recent studies demonstrated collapsibility of IVC had a poorer ability to predict fluid responsiveness than expected \[[@R16]-[@R18]\]. In spontaneously breathing patients, respiratory changes of the IVC were less useful to predict fluid responsiveness than in patients with controlled ventilation \[[@R06]\]. Collapsibility of the IVC was not a good predictor of fluid responsiveness in patients with and without spontaneous breathing in recent studies, and the present results also show its poor predictive ability in patients undergoing pressure support ventilation.

Assessment of collapsibility of IJVs and SCVs appears to be easier, and therefore may be a good alternative to assessment with the IVC. However, few studies of respiratory change in SCVs and IJVs have been conducted. In a study by Kent et al, an acceptable correlation was shown between respiratory changes of SCVs and the changes of the IVC (R~2~ = 0.61, P \< 0.01) in patients with and without mechanical ventilation \[[@R10]\]. In this study, however, the ability of collapsibility of the SCV to predict fluid responsiveness was unclear. The present study shows a poor predictive ability of SCV collapsibility for responsiveness to fluid administration.

An association of respiratory changes in the IVC with changes in the IJVs was also reported by Kent et al, suggesting that the correlation between the IVC and IJVs was weak \[[@R11]\]. In a study by Guarracino et al in 2014, respiratory change of IJV in septic patients with mandatory ventilation was highly predictive of a response to fluid administration \[[@R12]\]. They measured the IJV in the semi-recumbent position (head elevated 30°), and respiratory changes in the IJV calculated as the ratio of the difference in the maximal IJV antero-posterior diameter and minimum diameter to minimum diameter. They reported that a greater than 18% IJV respiratory change predicted fluid responsiveness with a sensitivity of 80% and a specificity of 95% (area under the ROC curve 0.915, 95% CI: 0.801 - 0.975). Our threshold value, 11.4% of collapsibility of IJV diameter is smaller than that in the previous study \[[@R12]\]. This difference could be explained by the body position (semi-recumbent in \[[@R12]\] vs. supine position in the present study), and the different way of calculation of respiratory changes (different denominator: distensibility (the ratio of the difference in the maximum diameter and minimum diameter to minimum diameter in \[[@R12]\]) vs. collapsibility (the ratio of the difference in the maximum diameter and minimum diameter to maximum diameter in our study)). According to the results of \[[@R12]\] and the present study, respiratory changes in the IJVs could be a useful predictor of fluid responsiveness in mechanical ventilated patients regardless of the existence of spontaneous ventilation.

Also, the present results show only that collapsibility of the right IJV has a good predictive ability for responsiveness to fluid administration. The reason why the right IJV is better than the left IJV is unclear. Based on these data, the maximum diameters of the right IJV were significantly larger than the left IJV (maximum diameter: 12.6 (10.7 - 15.1) mm in right IJV vs. 10.2 (7.2 - 11.9) mm in left IJV, P \< 0.001). A possible explanation for the discrepancy is that the blood flow in the right IJV is greater than left IJV and may be affected more by the volume shift resulting from passive leg raising maneuver.

This study has several acknowledged limitations. First, we determined fluid responsiveness by stroke volume increase in arterial pulse contour analysis by passive leg raising maneuver, not by a fluid challenge. Passive leg raising is a reliable method to predict fluid responsiveness, but a fluid challenge is considered the gold standard to determine fluid responsiveness. We defined an increase in stroke volume ≥ 8% as positive passive leg raising maneuver showed in a study by Lafanechere et al \[[@R08]\], but they used esophageal Doppler to detect the change of stroke volume. A different way of measurement of stroke volume might affect the results of passive leg raising maneuver, although we used the third generation Flotrac™ system which is more reliable than second generation, and is comparable to semi-continuous pulmonary thermodilution method \[[@R19]\]. Second, the inspiratory effort was not taken into consideration in this study. Patients with strong inspiratory efforts and high tidal volume might induce greater variability of respiratory changes of the central veins. However, these results show no difference in average tidal volumes between responders and non-responders, and therefore, the influence of inspiratory effort on respiratory change in the veins could be minimal. Third, consistency of the respiratory pattern was not assured before, during or after the measurements in spontaneously breathing patients. Fourth, when generating the ROC curve, multivariate analyses including patient characteristics such as age, weight and a diagnosis of circulatory failure as covariates were not performed. Since the primary purpose of this study was to predict events, not the determination of associated factors, univariate analysis is reasonable. The results of multivariate analysis using such a small sample size may be difficult to interpret. Fifth, all measurements were performed by a single evaluator, which eliminates inter-evaluator variability. However, systematic error and bias by a single evaluator cannot be eliminated. Accuracy and validity of these results need to be confirmed in a future study. Sixth, while the study sample size (34 measurements) was not supported by a power calculation before the study, the estimated sample size is 31 measurements when we calculate an adequate sample size retrospectively using the two-sided test with a 5% level of significance and an 80% power to detect the difference between ROC curves of 0.88 (right IJV) and 0.57 (IVC). Finally, the present study excluded patients with arrhythmias, low cardiac function and acute respiratory distress syndrome. The results of this study may not be applicable to patients with these excluded conditions.

Conclusion {#s4a}
----------

These results suggest that collapsibility of the right IJV diameter is a useful predictor of fluid responsiveness in patients undergoing pressure support ventilation. Collapsibility of the diameter of the IVC, left IJV and bilateral SCVs are not good predictors of fluid responsiveness in these patients. Further studies are needed to validate the ability of collapsibility of the right IJV to predict responsiveness to fluid administration in patients under various assisted modes of ventilation who require fluid resuscitation.
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